Asthma accounts for 0.4% of all deaths worldwide, a figure that increases annually. Ketamine induces bronchial smooth muscle relaxation, and increasing evidence suggests that its anti-inflammatory properties might protect against lung injury and ameliorate asthma. However, there is a lack of evidence of the usefulness and mechanism of ketamine in acute asthma exacerbation. This study aimed to analyze the therapeutic effects and mechanism of action of ketamine on acute ovalbumin (OVA)-induced murine asthma.
Background
Asthma is a chronic inflammatory disorder characterized by the infiltration of inflammatory cells such as macrophages and eosinophils, airway hyper-responsiveness (AHR), and airflow obstruction [1, 2] . Asthma accounts for 0.4% of all deaths worldwide, and its incidence is increasing annually. Indeed, it has become a significant cause of morbidity and mortality in developed countries, especially in children [3, 4] .
A number of studies have suggested that regulatory T cells (Tregs), the immunosuppressive cytokine interleukin-10 (IL-10), and transforming growth factor-b (TGF-b) comprise the primary mechanisms by which probiotics suppress allergic inflammation [5] . TGF-b is essential to the maintenance of immunologic self-tolerance [6] and induces the conversion of naive CD4+CD25-T cells to CD4+CD25+ T cells through FOXP3 [7] induction. TGF-b signaling is required for the in vivo expansion and immunosuppressive capacity of CD4+CD25+ T cells. The immunological background describing the spontaneous remission of immunoglobulin E -dependent allergy primarily includes IL-10 and/or the CD4+CD25+ T cell pathway [8] .
Dermatophagoides farinae -specific anergy of T cells is likely induced by increased IL-10 levels that are initially produced by specific T cells after exposure to relevant mite allergens during remission [9] .
MicroRNAs (miRNAs) are single stranded non-coding RNAs of approximately 19-25 nucleotides in length that regulate gene expression by inhibiting protein translation and might be involved in the regulation of inflammatory processes [10] . miRNAs have also been shown to act as an important therapeutic target in allergy asthma in many reports [11] [12] [13] . It is reported that alterations of airway epithelial cell miRNA levels are a common feature of patients with asthma [14] .
Ketamine, an intravenous anesthetic, is a unique drug with anxiolytic, analgesic, amnesic, and dissociative properties [15] . Ketamine has bronchodilatory properties and also has antiinflammatory and anti-hyper-responsiveness effects; thus, it might be useful for the treatment of acute asthma exacerbation [16, 17] . Evidence of the usefulness of ketamine for the treatment of acute asthma exacerbation has been reported; however, its mechanism is not yet clear [17] .
In the present study, we investigated the effects of ketamine in an ovalbumin (OVA)-induced murine model of acute asthma. We observed that ketamine ameliorates OVA-induced murine asthma by increasing the percentage of CD4+CD25+ regulatory T cells (Tregs) and the IL-10 level, as well as suppressing the epithelial-mesenchymal transition (EMT); furthermore, we analyzed microRNA and found that miR-106a regulation by ketamine may be a key mechanism in asthma therapy.
Material and Methods

Animals
The experimental protocol used in this study and animal care were approved by the institutional guidelines set by the Animal Research Committee of Southwest Medical University and adhered to the National Institutes of Health guidelines for the use of experimental animals. Specific pathogen-free 8-weekold female BALB/c mice weighing 20±2 g were provided by the Experimental Animal Center of Luzhou Medical College. The mice were individually bred and housed under pathogen-free conditions at a temperature of 24-28°C and 50-60% humidity in a 12-h light/12-h dark cycle. The mattresses in the cages were changed every other day. Both water and food (standard chow provided by the Animal Center of Luzhou Medical College) were freely accessible. We took the utmost care to alleviate any pain and suffering on the part of the mice.
Asthma model and inhalational exposure
The mice were sensitized and challenged with OVA using a previously described protocol with some modifications [18] ( Figure 1A ). Four groups (n=10 each) were included in this study: control, OVA, OVA+ketamine 25 mg/mL, and OVA+ketamine 50 mg/mL. Briefly, aluminum hydroxide (alum) solution (Sigma, St. Louis, MO, USA) was diluted in saline to 25% (vol/vol) and mixed with OVA overnight. Approximately 20 µg of OVA was adsorbed to alum particles in 100 µL of alum solution that was injected intraperitoneally on days 1 and 14. Ten mice in the control group were intraperitoneally injected with saline on day 1 and day 14.
Two weeks after the last injection, the mice received aerosol exposure to phosphate-buffered saline (PBS) or ketamine 25 or 50 mg/mL (ketamine hydrochloride 100 mg/2 mL injection diluted with sterile PBS in a nebulizer) for 30 min. Then, they were subsequently challenged with 1% OVA in saline through the nebulizer for 20 min daily for 3 days. The control group followed by challenge with saline for 3 days. The mice were sacrificed 48 hours after the last challenge, and the plasma and lung tissues were harvested for the analysis.
Bronchoalveolar lavage fluid leukocyte count
The lungs were flushed twice with cold 0.5% fetal bovine serum in 1 mL of PBS. Bronchoalveolar lavage fluid (BALF) was obtained after lavage and centrifuged at 2200×g for 5 min at 4°C. The pellets were resuspended in 50 μL of PBS, and the total number of cells was counted with a hemocytometer.
Isolation of immune cells from the lungs
The murine lung tissue was digested in Hank's medium (containing collagenase I 150 µg/mL). After red blood cell lysis, the dissociated cells were underlaid with 5 mL of lymphocyte separation solution (Mediatech, Montronge, France) and centrifuged at 2200 rpm for 20 min. The mononuclear cells in the middle layer were collected for flow cytometric analysis. The neutrophils were collected from the bottom of the tube.
AHR measurements
The mice were anesthetized at 24 h after the last OVA challenge, and a tracheotomy was performed as previously described [19] . Briefly, the mice were placed in a whole-body chamber (Biaera Technologies, Hagerstown, Maryland, USA), and basal readings were obtained for 3 min and then averaged. Aerosolized saline combined with methacholine (MeCh) 5-50 mg/mL was inhaled for 3 min after each MeCh inhalation. The lung resistance was calculated after the administration of each dose.
Histological and morphometric analyses
The right lung of each mouse was fixed in 10% (vol/vol) formalin overnight and processed according to standard histological protocols. The tissues were ultimately embedded in paraffin (Paraplast ® Plus; Leica Biosystems, Ayer Rajah, Singapore) and cut into 3-μm sections using a rotary microtome (AccuCut ® SRM™ 200; Sakura, California, USA). The sections were stained with hematoxylin and eosin (H&E) (Sigma) to examine the histology of the airways and cellular infiltration into the peribronchial connective tissues [20] . The inflammatory scores were based on the presence of congestion, hemorrhage, edema (alveolar and interstitial), and/or inflammation (airway lumen, airway wall, alveolar, interstitial, and perivascular) [21] .
Treg cell identification and cytokine analysis
Anti-mouse CD4+ (fluorescein isothiocyanate [FITC]) (Bioscience, San Diego, California, USA) and anti-mouse CD25+ (phycoerythrin [PE]) (Milteny Biotech, Bergisch Gladbach, Germany) antibodies were added to the whole blood samples. A flow cytometric analysis was performed to gate CD4+CD25+ cells using a fluorescence-activated cell sorter (FACS) Aria Flow Cytometry System (BD Biosciences, San Jose, California, USA). FITC-and PE-labeled immunoglobulin G (BD Pharmingen, San Diego, California, USA) served as the isotype control. The serum IL-10 and TGF-b1 levels were analyzed using an enzyme-linked immunosorbent assay (Abcam, Cambridge, UK). Staining with isotype control antibodies was performed in all experiments.
Cell culture
Bronchial epithelial cells (BEAS-2B; ATCC, Manassas, Virginia, USA) were seeded on six-well culture dishes and cultured in Clonetics™ Bronchial Epithelial Cell Growth Medium (Lonza, Alpharetta, Georgia, USA) supplemented with 10% fetal bovine serum. When the cells reached 70% confluence, the medium was changed and the cells were cultured in serum-free media for 24 hours. The cells were then subjected to stimulation with ketamine (1 mg/mL) for 1 hour. TGF-b1 5 ng/mL (PeproTech, Rocky Hill, New Jersey, USA) was then added to the cells for an additional 48 hours.
Wound healing assay
Using a pipette tip at an approximately 30° angle, each well was given a straight scratch to simulate a wound. After 48 h had passed, the number of cells that migrated into the wounded area was counted under a light microscope. Six different areas were evaluated in each group, and the experiment was repeated twice with similar results.
Immunofluorescence
Frozen lung tissue sections (5-μm thickness) were used for double-positive labeling with E-cadherin and a-smooth muscle actin (a-SMA) by the protocol in a previous report [22] . Briefly, the frozen sections were fixed in acetone for 10 min at -30°C, blocked in 2% bovine serum albumin (BSA)/PBS for 30 min at room temperature (RT), and then subsequently incubated in primary antibody (1:100) for 1 hour at RT and washed three times for 5 min each with PBS. After that, the slides were incubated with the secondary antibodies (1:200) for 30 min and washed with PBS three times, and then were mounted with mounting medium containing DAPI (Sigma, St Louis, Missouri, USA). The immunolabeled sections were analyzed through fluorescence microscopy (Axio Vert.A1, Carl Zeiss Microscopy GmbH, Jena, Germany). For each mouse, ×300 magnification pictures were obtained of six different areas.
MicroRNA array analysis
Total RNA was isolated using a miRNeasy Kit (Qiagen, Valencia, California, USA) according to the manufacturer's instructions. Quality-confirmed total RNA samples were determined with the Quant-iT™ RNA Assay kit (Invitrogen, Carlsbad, California, USA). The samples were labeled with cyanine 3-pCp and subsequently hybridized to the Agilent mouse microRNA microarray release version 15 (1881 mouse miRNAs represented) using a microRNA Complete Labeling and Hyb Kit (Agilent Technologies) for 20 h. After washing, the slides were scanned with a G2565BA scanner, and the data were analyzed and monitored with Agilent Feature Extraction Software version 9.5.1 and GeneSpring GX software version 12.5 (Agilent Technologies).
Real-time quantitative reverse transcription-polymerase chain reaction
Total RNA was extracted from lung tissue using Trizol reagent (Invitrogen, Carlsbad, California, USA) according to the manufacturer's instructions. Real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed in 25-µL aliquots containing 10 pmol of primers, while the expression levels of E-cadherin and a-SMA were detected using an ABI PRISM 7300 sequence detection system (Applied Biosystems Inc., New York, New York, USA). The following PCR primers were used: E-cadherin forward, 5'-ACA GCC CCG CCT TAT GATT-3'; E-cadherin reverse, 5'-TCG GAA CCG CTT CCT TCA-3'; a-SMA forward, 5'-GTC CAC CGC AAA TGC TTC TAA-3'; and a-SMA reverse, 5'-AAA ACA CAT TAA CGA GTC AG-3'. Three independent experiments were performed in triplicate. The relative mRNA expression levels of E-cadherin and a-SMA were calculated using 18s (forward 5'-TGT GCC GCT AGA GGT GAA ATT-3', reverse 5'-TGG CAA ATG CTT TCG CTTT-3') as a reference gene. The miRNA expression profile for each sample was analyzed using a miRNA TaqMan panel of individual miRNAs (Applied Biosystems Inc.). The DCT method was used to calculate the relative expression (compared with the mean expression of all miRNAs measured) of each miRNA, and each sample was normalized to the small nucleolar RNA (snoRNA) RNU44.
Western blot analysis
The lung sections were prepared in a lysis buffer containing 0.5 M NaF, 0.1 M Na3VO4, and protease inhibitor cocktail. The protein lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The separated protein lysates were blotted onto SP PVDF membranes (Invitrogen, Carlsbad, California, USA) using a semidry transfer method. After blocking in 5% BSA/Tris-buffered saline with Tween 20 (TBST), the membranes were incubated with E-cadherin or a-SMA antibodies (1:1000 for primary E-cadherin or a-SMA antibodies; 1:10,000 for b-actin) and shaking at 4°C overnight. The membranes were washed three times with PBS and incubated with 1:2000 secondary antibodies for 1 h at RT. The bands were incubated in an enhanced chemiluminescence detection system (Pierce Biotechnology, Rockford, Illinois, USA) for 5 min, and the pictures were taken with an ImageQuant LAS 400 software (GE Healthcare Life Sciences, Uppsala, Sweden).
Statistical analysis
The data are presented as means ±SEM. Statistical comparisons among the treatment groups were performed using randomized-design two-way analysis of variance followed by the Newman-Keuls post hoc test for more than two groups or unpaired Student's t-test for two groups using Prism software (GraphPad Inc., La Jolla, California, USA) as appropriate. Statistical significance was defined as P<0.05. Descriptive and analytical analyses were performed by the Pearson correlation index in cases of normal distributions, while the intergroup comparisons were made using Student's t-test or the chi-square test as appropriate.
Results
Ketamine inhalation ameliorated lung fibrosis and OVAinduced asthma symptoms in mice After challenge, some asthma symptoms were observed in OVA-induced mice, such as shortness of breath, an arched back, cyanotic lips, and scratching or irritability. These symptoms were significantly ameliorated in the ketamine inhalation group, whereas some mice showed slight irritability in the negative group. We performed H&E staining to evaluate fibrosis in the lungs and observed significant infiltration of inflammatory cells around the bronchioles and vascular tissues in the lungs of OVA-induced mice compared with the lungs of the control mice ( Figure 1B-1F) . BALF cell counts revealed that most of the invading cells were macrophages and eosinophils with some lymphocytes and neutrophils, and their levels were decreased after ketamine treatment ( Figure 1G ). The inflammation scores showed that OVA-induced inflammation was ameliorated after ketamine inhalation ( Figure 1E ). The AHR was significantly increased in OVA-induced asthmatic mice compared with control mice, whereas the mean Penh value in ketamine-treated mice was decreased compared with that of OVA-induced mice ( Figure 1F ).
Ketamine increased CD4+CD25+ T cell counts in OVAinduced asthmatic mice
To evaluate the effects of ketamine on CD4+CD25+ T cells, the expression of CD4+CD25+ T cells in the serum and a mononuclear cell suspension obtained from the lung tissue was analyzed through flow cytometry. The serum or mononuclear cell suspension was immunofluorescently stained with anti-CD4 PE and anti-CD25 FITC-conjugated antibodies, and the percentage of CD4+CD25+ T cells was analyzed. The results showed that, compared with the control group, the percentage of CD4+CD25+ T cells in the serum was significantly decreased in the OVA-induced asthma group; however, after ketamine treatment, this percentage increased (Figure 2A-2D, 2I ).
We observed similar results in the mononuclear cell suspension obtained from the lung tissue ( Figure 2E-2H, 2J) . We used Pearson's correlation to determine the correlation between the serum and mononuclear cell suspension. The results showed a positive correlation between the changes in CD4+CD25+ T cell counts in the serum and the mononuclear cell suspension obtained from the lung tissue in each group (Figure 3A-3D ; control group, r=0.878, p<0.01; OVA group, r=0.894, p<0.01; ketamine 25 mg/mL, r=0.8, p<0.01; ketamine 50 mg/mL, r=0.87, p<0.01).
Ketamine increased IL-10 levels and decreased TGF-b1 levels in the serum and lung tissue of asthmatic mice
Next we analyzed the mechanism underlying the effect of ketamine on asthma. Several studies have reported that Tregs regulate the immune system by suppressing Th1/Th2 responses [23, 24] . As crucial suppressor T cells, Tregs release the immunosuppressive cytokines IL-10 and TGF-b1, which mediate cytotoxic lymphocyte associated antigen-4 (CTLA-4) expression in CD4+CD25+ Tregs [25] . We also analyzed the IL-10 and TGF-b1 levels in the serum and lung tissue. Compared with the control group, the IL-10 levels were significantly decreased in the serum and lungs of OVA-induced mice; however, after ketamine treatment, these levels were increased ( Figure  3E , 3F). TGF-b1 is a cytokine involved in airway pathology that is primarily released from the submucosa by eosinophils, the most important cells in airway inflammation. We observed that TGF-b1 levels were significantly decreased in the plasma and lung tissue of OVA-induced acute asthmatic mice and that ketamine treatment increased the levels ( Figure 3G, 3H) . 
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Ketamine suppressed EMT in the lungs of asthmatic mice TGF-b1-induced EMT was recently demonstrated in human bronchial epithelial cells [26] [27] [28] . Our Western blot analysis showed that epithelial marker E-cadherin levels were decreased and mesenchymal cell marker a-SMA, Snail, and Slug levels were increased in OVA-induced asthmatic mice, and these effects were reversed after ketamine treatment ( Figure 4A-4C) , suggesting that OVA-induced EMT was suppressed after ketamine inhalation. The analysis of EMT through co-expression of the epithelial marker E-cadherin and the mesenchymal marker a-SMA showed that OVA-induced mice exhibited a significantly increased number of cells during EMT compared with control mice ( Figure 4D-4G, yellow) . Ketamine-treated mice exhibited significantly fewer cells during EMT compared with untreated asthmatic mice. The qRT-PCR also showed that E-cadherin levels were decreased and a-SMA levels were increased in OVAinduced asthmatic mice, whereas ketamine reversed these effects ( Figure 4H, 4I ).
TGF-b1-induced EMT was suppressed by ketamine in BEAS-2B cells
In cultured BEAS-2B cells, we found that TGF-b1-induced EMT was suppressed by ketamine through the induction of E-cadherin protein level and the suppression of a-SMA, Snail, and Slug protein levels ( Figure 5A-5C ). The qRT-PCR showed same results for E-cadherin and a-SMA levels ( Figure 5D, 5E ). In a cell wound healing model, the invading cell numbers were increased by TGF-b1 but suppressed by ketamine at 24 and 48 hours (Figure 5F-5I ).
Ketamine-induced EMT suppression was regulated through miRNA-106a
Finally, to identify the underlying mechanisms of how ketamine ameliorates asthma, we analyzed the animals' microR-NA profiles. As shown in previous reports [13, [29] [30] [31] [32] , several miRNAs, including miR-126a, miR-145, miR-106a, miR-21, let7b, let-7c, miR-214, and miR146a, were highly enriched in the mouse lung, giving strong hybridization signals on the miRNA arrays (data not shown). Among the miRNAs, we found that the miRNA-106a level was most suppressed in ketamine-treated compared with OVA mice ( Figure 6A ). Also, in BEAS-2B cells, qRT-PCR revealed that TGF-b1 induced a high miR-106a level that was suppressed by ketamine treatment.
To analyze the further mechanism of miR-106a on EMT and ketamine, we also treated BEAS-2B cells with mimic-miR106a or antagomir-miR106a, and our Western blot results revealed that the E-cadherin protein level was suppressed by mimic106a transfection, while the ɑ-SMA level was increased, which exhibited induced EMT compared with control miRNA treatment, while TGF-bR1/2 was increased by mimic-106a and ketamine treatment revised the results ( Figure 6C ). Furthermore, TGF-b1-induced EMT and TGF-bR1/2 protein levels were suppressed by antagomir-miR-106a ( Figure 6D ). Taken together, those data revealed that ketamine suppressed EMT and TGF-b signaling via regulating miR-106a levels.
Discussion
In the present study, we analyzed OVA-induced asthmatic mice in an acute asthma model and showed that ketamine inhalation ameliorated the symptoms and lung fibrosis of OVAinduced asthmatic mice and that these changes were associated with increased CD4+CD25+T cell counts and IL-10 levels. Ketamine significantly suppressed EMT and TGF-b signaling by regulating miR-106a levels in vivo and in vitro. Thus, ketamine might be an effective therapy for acute asthma in children.
Asthma is the most frequently occurring disease in children [33] . Treg numbers are associated with airway inflammation degree in asthma [34] . Strong evidence implicates CD4+CD25+ T cells in the regulation of allergic disease. The transfer of CD4+CD25+ T cells to sensitized mice reduced AHR and eosinophilic inflammation [35, 36] . We also observed that, in OVA-induced asthmatic mice, the mean percentage of CD4+CD25+ cells was significantly decreased compared with that of control mice. Mice treated with ketamine inhalation showed significantly improved asthma symptoms, a phenomenon that was likely associated with decreased AHR and inflammatory cell infiltration, thereby increasing the percentage of CD4+CD25+ cells in the serum and mononuclear cell suspensions obtained from the murine lung tissues.
The development of inflammation in asthma involves an intricate network of cytokines that recruit and activate numerous immune cells [37] . Among these immune cells, eosinophils are the hallmark of asthma and the primary source of TGF-b1 in asthmatic airways [38] . In the present study, there was significant infiltration of macrophages and eosinophils around the bronchioles and vascular tissues in the lungs of OVA-induced asthmatic mice compared with the lungs of control mice, and these effects were reduced after ketamine treatment. TGF-b1 levels were also increased in OVA-induced asthmatic mice compared with control mice and suppressed after ketamine inhalation. These data also showed that levels of IL-10, the most important suppressor in asthma, were significantly decreased in the serum of OVA-induced asthmatic mice and increased after ketamine treatment. Taken together, these results suggest that ketamine ameliorates asthma fibrosis by regulating the percentage of CD4+CD25+ cells and the levels of IL-10 and TGF-b1 in the serum and lung tissue. Interestingly, we also observed that EMT was induced by OVA and that ketamine suppressed EMT in OVA-induced mice compared with non-treated OVA mice. Levels of the epithelial marker E-cadherin were decreased, while those of the mesenchymal cell marker a-SMA, Snail, and Slug were increased in OVA-induced asthmatic mice. These effects were reversed after ketamine treatment. Thus, these data showed that ketamine suppressed OVA-induced EMT. Indeed, EMT plays an important role in the progression of airway epithelial fibrosis and the down-regulation of tight junctions [39] . Growth factors, inflammatory mediators, and matricellular proteins induce the down-regulation of epithelial cell-cell adhesion and promote mesenchymal gene expression of vimentin and a-SMA [40] .
The physiological relevance of miR-106a-mediated post-transcriptional regulation of IL-10 was identified in an OVA-induced asthma model [41] . MiR-106a knockdown alleviates AHR, inflammation, increased Th2 responses, goblet cell metaplasia, and subepithelial fibrosis [42] . In the present study, the OVAinduced miR-106a level was suppressed in the lung of ketaminetreated OVA-induced asthmatic mice. In vitro experiments also showed that EMT and TGF-bR1/2 levels were mediated by ketamine via miR-106a regulation. We further found that TGF-bR2 was mediated through mimic-miR106a or antagomir-miR106a, which confirmed that TGF-bR2 is a target of miR-106a [43] .
Conclusions
Taken together, the results of the present study showed that ketamine inhalation inhibits the inflammatory cascade response in an experimental asthma model in vivo. The inhalation of ketamine 25 or 50 mg/mL markedly suppressed OVAinduced AHR, airway inflammation, and airway inflammatory cell infiltration, and significantly increased the percentage of CD4+CD25+ T cells. Those effects were associated with the suppression of EMT and TGF-b signaling via regulating miR106a levels in vivo and in vitro ( Figure 7 ). These findings collectively indicate that ketamine ameliorates OVA-induced asthma in mice and may provide a new therapeutic approach for the treatment of allergic asthma.
